We.describe a microcomputer-assisted single-beam scanning spectrophotometer which is able to track the time evolution of a spectrum with a time resolution of 0.1 s and a wavelength resolution of 2.5 nm. The apparatus, which is also able to perform spectrum averaging, utilises a commercial rotating grating monochromator and is small and lightweight, so that it can be fitted on the top of a microscope to perform time-resolved spectral analysis on histological specimens. The apparatus has been implemented as a programmable IEEE488 device. This feature allows us to use the apparatus in conjunction with a larger computing system providing experiment management as well as data storage and off-line data processing.
Introduction
The analysis of fluorescence spectra provides information on the electronic structure of some organic molecules, as well as their environment. However, some systems exhibiting fluorescent emission may be irreversibly damaged by the radiation exciting the fluorescent emission. As a consequence of this damage a chain of chemical reactions may be triggered, some steps of the chain may be photon-assisted chemical reactions and new fluorescent species may be produced and destroyed in the course of the chain of reactions. Such complex kinetics are often met in fluorescence studies of cells or tissues of living organisms (Arico el a1 198 1).
In these complex systems, in fact, the molecular species of interest is embedded in a matrix that is chemically inhomogeneous and that, normally, can be damaged by the exciting radiation. It is thus evident that a time-resolved spectrophotometric study of the fluorescent emission of a complex system of the kind described above may give essential information on the kinetics of the processes triggered or assisted by the incident radiation. Moreover, since many steps of the kinetics are irreversible, the time-resolved spectra must be recorded in real time.
The apparatus described in this paper is a single-beam scanning spectrophotometer that is sufficiently small and lightweight to be fitted on the top of a microscope. The use of a photomultiplier tube (PMT) as detector gives the necessary sensitivity to perform microspectrofluorometry. The PMT output is DC amplified and digitised. The digitised spectra may be time averaged by a dedicated microcomputer, which has been designed as a programmable IEEE488 device controlled by a host computer which may be any mini-or microcomputer equipped with an IEEE488 interface.
The apparatus is also able to track in real time the time evolution of a spectrum with a time resolution of 0.1 s. a spectral 0022-3735/84/060517 + 04 $02.25 0 1984 The Institute of Physics resolution of 2.5 nm and an amplitude resolution of -0.4% (8 bit).
In this paper we make frequent use of terms and definitions peculiar to the IEEE Standard 488-1975, 'Digital Interface for Programmable Instruments', often referred to simply as IEEE488, or else GPIB, HP-IB or IEC-625t.
Description of the apparatus

General
A simplified block diagram of the apparatus is shown in figure 1 . The input beam is focused onto the input slit of the monochromator (Rofin model 6000) whose dispersing element is a diffraction grating kept in rotation at a constant angular velocity (-10 Hz). The monochromator is coupled to a commercial microscope (Leitz Dialux 20) by means of a camera adaptor and a horizontal plate fixed to the camera adaptor. The plate supports the monochromator and a plane mirror which deflects the output beam of the microscope towards the monochromator input slit. A converging lens focuses the beam onto the input slit. The output slit of the monochromator receives the spectrum (200-1 100 nm), which is scanned in -0.01 s. The output of the PMT fitted to the output slit is DC amplified and fed to an analogue-to-digital converter (ADC) and, for monitoring purposes, to channel 1 of a two-channel oscilloscope (not shown in figure 1 ). The relatively small clearance between the input and the output slits of the monochromator imposed the use of a small diameter PMT. We chose a Hamamatsu R1104 PMT (29.0 mm diameter, head-on type) and placed it in a homemade enclosure firmly fixed to the output slit with no light leak. An optical encoder coupled to the rotating diffraction grating feeds a signal to the wavelength marker unit (Rofin model 6001), which provides a comb of pulses. The comb is synchronised with the spectrum scanned at the output slit of the monochromator. The interval between two pulses (-lops) corresponds to a spectral interval of 1 nm. The comb, displayed by the oscilloscope channel 2, provides a wavelength scale allowing an immediate spectrum evaluation on the screen of the oscilloscope. The pulses of the comb are also utilised to trigger the ADC that samples the spectrum. The samples are fed to a dedicated microcomputer which is programmed by the host computer via the IEEE488 bus. The microcomputer may be programmed, e.g., to average a given number N of spectra (lGNG65535) and then to output the (averaged) spectrum on the GPIB (see the description of the software in 9 2.2). The spectrum is input to the host computer and stored on a disc.
The wavelength marker unit outputs a special trigger pulse (cursor pulse) at a wavelength selected by rotary switches placed on the front panel. Each cursor pulse triggers the acquisition of one spectral scan, which is accumulated in a software-defined multichannel register bank. In our apparatus the cursor pulse wavelength must be conveniently chosen only at the beginning of a set of experiments and not changed thereafter. Alternatively the wavelength marker unit might be modified in order to permanently fix the cursor wavelength. The width of the spectrum (defined as the number L of samples to be taken after the occurrence of the cursor pulse) is programmable via GPIB. The wavelength range in which our apparatus works depends strongly on the detector. We selected a red-enhanced PMT specified by the manufacturer for a 185-850nm spectral bandwidth.
The dedicated microcomputer (with a Z80A CPU) was Hardware block diagram of the measurement system. In our set-up the host computer was a HP-85 desk-top computer equipped with the HP-IB interface and the mass storage device was a HP-82901M disc drive.
assembled by means of commercially available cards (Eurolog) with 8 kbytes RAM and room for up to 8 kbytes ROM or EPROM.
The microcomputer was also equipped with a Kontron IEEE488 interface card whose driver (supplied by the manufacturer but slightly modified by us to suit our needs) allowed us to set up a fully programmable GPIB device. One 280 PIO interfaced the microcomputer to a general purpose programmable analogue input card developed by us around a fast ADC (Datel-Intersil HZ 1 ZBGC). The card may be interfaced to any microcomputer by means of 13 I/O lines; eight lines (port A) are reserved to data transfer from the ADC to the microcomputer, the other five (bits 0-4 of port B) are utilised for control and card management (see the schematic diagram, figure 2) . At 8-bit resolution the conversion time of the ADC is 4 ps. The end-of-conversion signal (EOC) is available for the microcomputer to transfer the digitised datum.
The software
The structure of the software resident in the microcomputer allows future expansion of the apparatus capabilities. The microcomputer in fact may be programmed by the host computer to perform different tasks. A string of characters (task string) sent as data by the host computer indicates the task to be performed by the microcomputer. In a first configuration of the apparatus the task routines (TR) defined are T R~, TR2, and TR3. TRI : the microcomputer initialises itself to perform multichannel spectrum averaging. The number of spectra to be 
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accumulated, the number of samples of each spectrum (number of channels) and the full scale setting of the ADC card must be contained in the task string. T R~: the microcomputer initialises itself to take N spectra of L samples each, and store them separately in its memory as N strings of L bytes each. The task string must contain L , A' and T, the time interval between two spectra.
T R~: the apparatus is preset to start the operation defined by the last task string on receipt of the GPIB trigger message (GET message).
In addition the microcomputer may be enabled by the host computer to send on the bus the data collected during the execution of the last task. These data are received by the host computer and stored on a disc.
Calibration of the apparatus
In order to get correct wavelength information the comb of pulses providing the wavelength scale must be suitably synchronised with the analogue signal carrying the spectral information. This signal, in fact, is subjected to a sizeable delay by the signal amplifier. The wavelength marker unit is equipped with a bank of switches which allow us to shift in time the wavelength comb with a resolution corresponding to 0.5 nm. This calibration needs to be performed only once. It is, however, advisable to check it if the signal amplifier is changed or modified.
The spectral response of our apparatus, affected mainly by the PMT spectral sensitivity, has to be measured and stored on the disc to perform off-line correction of the measured spectra.
Discussion
Noise
Our experiments, which require the measurement of low light intensities with a wide signal bandwidth, are inherently affected by two well known noise sources related respectively to the photon number fluctuations and to the PMT thermionic emission. Figure 3(a) shows a single scan spectrum of the fluorescence emitted by the catecholamines present in an histological specimen. The spectrum is mainly affected by photon number fluctuation noise which, upon averaging, is progressively washed out, as expected. Figure 3(b) shows the average of one hundred scans taken in the same conditions as for figure 3(a) . When successive spectral scans are averaged the thermionic emission noise yields an offset of the baseline of the averaged spectrum. This offset, which is indistinguishable from offsets of different origin (see later in this subsection) has been subtracted from the averaged spectrum shown in figure 3(b) .
Our apparatus is also affected by another noise source: pulses occurring apparently at random which, in averaged spectra, contribute to the baseline offset. This noise source is related to stray light. In fact protecting our apparatus from direct room light as well as sealing the light leaks of the apparatus reduced this kind of noise to a reasonable level, although, for practical reasons, some 'light leaks' (e.g. the microscope objective) were not optically sealed and the apparatus was not operated in the dark. In the final set-up of our apparatus this contribution to noise was effective only at relatively high PMT supply voltages ( > 750 V) and was estimated to be somehow higher than that expected for thermionic emission noise alone.
We believe that this unusual effect of stray light can be particularly likely when using monochromators with a continuously rotating diffraction grating, and explain it in the following way. For proper operation of the monochromator the input beam must be within a specified solid angle. In this case within each rotation period of the grating, T, there is a time slot ~((-T/10 in our case) during which the spectrum of the input beam is swept over the output slit. In so far as the input beam is within the acceptance solid angle the position of the slot 7 within the period T does not depend on the incidence direction of the input beam (at least to a first approximation).
On the contrary an anomalous input beam, whose incidence direction lies outside the acceptance solid angle, may reach the output slit after an anomalous path, e.g. the beam may undergo a diffraction when the angular position of the grating is not in the correct range. In this case we observe a spurious output at times strongly dependent on the incidence direction of the anomalous beam.
Stray room light entering the microscope objective is normally drastically attenuated by diaphragms and by the blackened inner surfaces of the apparatus. Imperfections of the latter, however, may allow some room light to reach the input slit of the monochromator as an anomalous beam whose intensity is very low and subject to strong photon number fluctuations. We believe that the mechanism described is able to produce a noise of the kind observed by us.
Overall discussion
The apparatus described in this paper is the basic nucleus of an expandable system for time-dependent photometric and spectrophotometric studies. Its main advantage is its programmability via the industry standard IEEE488 (GPIB) M Barcellona, S Micciancio and M Arico interconnection bus: this feature allows the integration of the apparatus in an existing computing system, only provided that the latter is equipped with an IEEE488 interface.
Our apparatus may be useful for time-resolved spectrophotometric studies of medium and slow kinetics. The actual time resolution of the apparatus depends on the signal/noise ratio of the spectra investigated. The signal averaging capability of the apparatus in fact may lower its time resolution, which ultimately is to be traded off with the S/N ratio.
We wish also to point out the possibility of studying very tiny samples. In fact we succeded in studying small areas (-30 km diameter) of histological samples. This area typically only contains a few cells
The apparatus has been built as a part of our programme for the characterisation of melanins in normal and tumoral tissues. Previous work (Arico et a1 1981) showed that the intensity (integrated over the spectrum) of the fluorescence emitted by melanin granules of human melanoma exhibited, under a steady excitation (355-425 nm), a maximum as a function of time. Utilising the apparatus described in this paper we recorded the emission spectra as a function of time. It was immediately evident that there was a change of the emission spectrum correlated with the change of the emitted intensity. These results enhance the evidence, stated in Arico et a1 (1981) , for the occurrence of a complex photochemical reaction in melanin granules exposed to uv light. A more detailed account of the results as well as a discussion will be published elsewhere.
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